Abstract: It is of great significance to develop sustainable processes of catalytic reaction. We report a selective procedure for the synthesis of acetylated bioactive compounds in water. The use of 1-acetylimidazole combined with Er(OTf) 3 as a Lewis acid catalyst gives high regioselectivity and good yields for the acetylation of primary hydroxyl groups, as well as amino groups. The protection is achieved in short reaction times under microwave irradiation, and is successful even in the case of base-sensitive substrates.
Introduction
Protecting strategies are of critical importance in synthetic chemistry and represent important tools for industrial biotechnology. One of the most commonly used techniques for the protection of hydroxyl (OH) groups is acetylation. Regioselective acetylation is one of the strategies that chemists have tentatively developed, over time, in order to maximize the different reactivity of the primary hydroxyl groups in polyols and carbohydrates to be used as constituents of many biologically active compounds [1] [2] [3] [4] . In the literature, several methods have been developed for the preparation of acetyl derivatives, using zeolites [5] , various metal salts such as Mg(ClO 4 ) 2 and Zn(ClO 4 ) 2 .6H 2 O [6, 7] , and some triflate catalysts or stoichiometric reagents [8, 9] .
Nevertheless, many of the proposed methods involve the use of non-environmentally friendly or expensive reagents, anhydrous environments and require the iterative blocking and de-blocking of all other potentially reactive OH functionalities in the molecule [10] [11] [12] .
Earlier, carbonylimidazole derivatives were proven to be excellent acylating agents [13] . Imidazole carbamates and ureas have been successfully applied in the conversion of aliphatic and aromatic carboxylic acids into esters and amides in 70-93% yields [14] . In this endeavor, Sarpong et al. have reported the selective acetylation of indoles and oxazolidinones by using several reactive N-acyl imidazoles and/or carbamates; the reaction shows a high selectivity at the nitrogen atom of the non-nucleophilic azacycles, even in the presence of other strong nucleophiles, such as amines or hydroxyl groups [15] . The reaction, conducted at room temperature in acetonitrile for about 24 h, a General reaction conditions: 1 (0.8 mmol.), 1-acetylimidazole (3.0 equiv.) and Er(OTf)3 (10 mol %) were dissolved in water (3 mL) and heated under microwave (MW)-irradiation (60 °C) (see Supplementary Materials); b isolated yield; c conventional heating method with an oil bath using an internal temperature measurement (100 °C).
In the first instance, the reaction was performed using Er(OTf)3 as catalyst, under MW irradiation. The use of 1.2 mmol of 1-acetylimidazole in the presence of 10% mmol of Er(OTf)3 provided the corresponding products in low yields, even after increasing the reaction times (Table 1 , entries 1-3). Most likely, the catalytic activity of Er(III) is enhanced by the MW effect in the aqueous system. The same reaction, in fact, conducted under conventional heating, led to the formation of the acetylated product in only 14% yield (Table 1, entry 4) .
Repetition of the reaction using a threefold molar excess of the acetylating agent, and extending the time of the reaction, resulted in an increase in the yield ( In the first instance, the reaction was performed using Er(OTf) 3 as catalyst, under MW irradiation. The use of 1.2 mmol of 1-acetylimidazole in the presence of 10% mmol of Er(OTf) 3 provided the corresponding products in low yields, even after increasing the reaction times (Table 1, entries 1-3) . Most likely, the catalytic activity of Er(III) is enhanced by the MW effect in the aqueous system. The same reaction, in fact, conducted under conventional heating, led to the formation of the acetylated product in only 14% yield (Table 1 , entry 4).
Repetition of the reaction using a threefold molar excess of the acetylating agent, and extending the time of the reaction, resulted in an increase in the yield ( Increasing the steric hindrance of the substituents attached to the carbon atom 1, the reaction showed the same behavior as that of phenyl glucopyranoside (Table 2 , entries 7 and 8). When the reagent system was used with substrates containing both primary and secondary hydroxyl groups, as well as amino groups-such as in the case of adenosine-the N,O-diacetylated derivative was obtained ( Table 2, entry 9) . Furthermore, the acetylation reaction of deoxyguanosine 11 led to the formation of the 5 -O-acetyl derivative as the main product, without any traces of the products acetylated on the secondary OH group and on the NH 2 functionality (Table 2, entry 11) .
In the case of cytidine (12), the reaction deserves special attention; in fact, the presence of tautomerism in the molecule is responsible for the formation of the N-acetyl derivative as the main product ( Table 2 , entry 12). The 1 H-NMR spectrum of the product resulting from the acetylation of cytidine showed the formation of three isomers indicated as N-acetylcytidine (A) in 40%, acetylcytidine (C) in 45% and 5 -O-acetylcytidine (B) in 15% yields, respectively (Figure 1 ).
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Increasing the steric hindrance of the substituents attached to the carbon atom 1, the reaction showed the same behavior as that of phenyl glucopyranoside (Table 2 , entries 7 and 8). When the reagent system was used with substrates containing both primary and secondary hydroxyl groups, as well as amino groups-such as in the case of adenosine-the N,O-diacetylated derivative was obtained ( Table 2 , entry 9). Furthermore, the acetylation reaction of deoxyguanosine 11 led to the formation of the 5′-O-acetyl derivative as the main product, without any traces of the products acetylated on the secondary OH group and on the NH2 functionality (Table 2, entry 11).
In the case of cytidine (12), the reaction deserves special attention; in fact, the presence of tautomerism in the molecule is responsible for the formation of the N-acetyl derivative as the main product ( Table 2 , entry 12). The 1 H-NMR spectrum of the product resulting from the acetylation of cytidine showed the formation of three isomers indicated as N-acetylcytidine (A) in 40%, acetylcytidine (C) in 45% and 5′-O-acetylcytidine (B) in 15% yields, respectively (Figure 1 ). It is well known that rare-earth ions have high affinity for hard donor atoms, such as ligands containing oxygen or hybrid oxygen-nitrogen atoms [52] ; various researchers have reported the extraction of lanthanides with amides, and their coordination with carbonyl groups for the synthesis of ternary 4f-element complexes [53, 54] .
In addition, the formation of ligands obtained by the bis-chelating mode of the pyrimidine carboxylate with lanthanides (III) is reported in crystallographic studies [55] . It can be supposed that the coordination with the carbonyl group of the pyrimidine base, assisted by an iminolketotautomerism of cytidine that shifts the equilibrium toward the iminol tautomer in acid conditions and at high temperatures [56] , favours the formation of 2-O-acetyl-cytidine in 45% yield (Figure 2) . It is well known that rare-earth ions have high affinity for hard donor atoms, such as ligands containing oxygen or hybrid oxygen-nitrogen atoms [52] ; various researchers have reported the extraction of lanthanides with amides, and their coordination with carbonyl groups for the synthesis of ternary 4f-element complexes [53, 54] .
In addition, the formation of ligands obtained by the bis-chelating mode of the pyrimidine carboxylate with lanthanides (III) is reported in crystallographic studies [55] . It can be supposed that the coordination with the carbonyl group of the pyrimidine base, assisted by an iminol-ketotautomerism of cytidine that shifts the equilibrium toward the iminol tautomer in acid conditions and at high temperatures [56] , favours the formation of 2-O-acetyl-cytidine in 45% yield (Figure 2 ).
of ternary 4f-element complexes [53, 54] .
In addition, the formation of ligands obtained by the bis-chelating mode of the pyrimidine carboxylate with lanthanides (III) is reported in crystallographic studies [55] . It can be supposed that the coordination with the carbonyl group of the pyrimidine base, assisted by an iminolketotautomerism of cytidine that shifts the equilibrium toward the iminol tautomer in acid conditions and at high temperatures [56] , favours the formation of 2-O-acetyl-cytidine in 45% yield (Figure 2) . Attempted acetylation reaction of phenolic compounds, such as tyrosol and its derivatives, was particularly interesting. The reaction carried out on tyrosol led to the formation of a diacetylated product ( Table 2 , entry 13). On the contrary, the acetylation reaction of ortho-and meta-hydroquinone derivatives occurred only on the aliphatic OH group, probably because the hydrogenbonding to the adjacent groups hinders the acetylation reaction of the aromatic hydroxyl groups ( Table 2 , entries 14-16). When the method was extended to the protection of the primary hydroxyl group of glycerol, no formation of the primary acetylated product was observed. When the same reaction was carried out in 1 M aqueous NaCl, good regioselectivity and yield in the formation of glycerol 1,3-diacetate (17a) were obtained. Apparently, the presence of the salt prevents the formation of intramolecular H-bonds, favouring the acetylation reaction.
Therefore, our study proposes a new regioselective method that offers good yields, shorter reaction times and a possible extension to various substrates. With this aim, and to compare our procedure with Pei's method [35] , we applied our reaction conditions to base-sensitive substrates. The acetylation of amino groups is among the most widely used transformation in organic synthesis, and is frequently required during peptide synthesis. We attempted the acetylation of a side-chain-functionalized amino acid, such as lysine protected on the α-amino group with the base-labile [57] [58] [59] [60] [61] [62] fluorenylmethyloxycarbonyl (Fmoc) protecting group (Table 2, entry 22). We observed the formation of the corresponding side chain N-acetylated N-Fmoc lysine 22a in high yields after only 10 min, without affecting the Fmoc protecting group. The procedure also works well for the acetylation of the OH group in the side-chain of N-Fmoc serine ( Table 2 , entry 21). Performing the acetylation reaction on the same substrates using Pei's method, the removal of the base labile N-Fmoc protecting group occurred along with the formation of traces of by-products. In fact, thin layer chromatography (TLC) analysis of the reaction mixture after 16 h revealed the presence of dibenzofulvene, and a ninhydrin assay confirmed the formation of the free α-amino group.
Materials and Methods

General Methods
All chemicals and solvents were purchased from common commercial sources and were used as received without any further purification. All reactions were monitored by TLC on silica Merck 60 F 254 pre-coated aluminum plates, and were developed by spraying with sulfuric acid in ethanol solution when possible. The tautomeric forms of acetyl cytosine were purified by semipreparative RP-HPLC chromatography (Phenomenex Jupiter C18, 250 × 10 mm, 10 µm, UV 272 nm, 4.0 mL/min, H 2 O 100%). Proton nuclear magnetic resonance ( 1 H-NMR) spectra were recorded on a Brüker spectrometer at 300 MHz. Chemical shifts are reported in δ units (ppm) with tretramethylsilane (TMS) as reference (δ 0.00). All coupling constants (J) are reported in Hertz. Multiplicity is indicated by one or more of the following: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet). Carbon nuclear magnetic resonance ( 13 C-NMR) spectra were recorded on a Brüker at 75 MHz. Chemical shifts are reported in δ units (ppm) relative to CDCl 3 (δ 77.0).
MW-assisted reactions were performed on a Synthos 3000 instrument from Anton Paar (Graz, Austria), equipped with a 4 × 24 MG5 Rotor and an IR probe used for external temperature control. LC-MS analyses were carried out using an Agilent 6540 UHD Accurate-Mass Q-TOF LC-MS (Agilent, Santa Clara, CA, USA) fitted with an electrospray ionisation source (Dual AJS ESI) operating in positive ion mode. Chromatographic separation was achieved using a C18 RP analytical column (Poroshell 120, SB-C18, 50 × 2.1 mm, 2.7 µm) at 30 • C with an elution gradient from 5% to 95% of B over 13 min, A being H 2 O (0.1% formic acid (FA)) and B being CH 3 CN (0.1% FA). Flow rate was 0.4 mL/min.
General Experimental Procedure for Microwave-Assisted Acetylation
The substrate (0.8 mmol) was dissolved in 3 mL of water in a glass vial.1-Acetylimidazole (2.4 mmol) and Er(OTf) 3 (10 mol %) were then added to the solution. The mixture was reacted for 30 min in a Synthos 3000 microwave instrument, fixed on the temperature value of 60 • C (IR Limit). TLC analysis was used to monitor the progress of the reaction. After reaction completion, water was removed under reduced pressure and the resulting crude product was purified by flash chromatography (CH 2 Cl 2 /MeOH 9.5:0.5) (see Supplementary Materials).
